Two kinds of body centered cubic (bcc) structure refractory metals, pure Cr and Nb, were subjected to severe plastic deformation through high-pressure torsion (HPT) under applied pressures of 2 and 6 GPa for 2, 3, 4 and 5 revolutions at room temperature. Vickers microhardness is plotted as a function of the distance from the disk center and equivalent strain. It is shown that all hardness values fall on a single curve when they are plotted against equivalent strain for both metals. Vickers microhardness increases with increasing equivalent strain at an early stage of straining and then reaches steady state with the grain size of 200250 nm in Cr and 240270 nm in Nb irrespective of the applied pressures. In the steady state, there is no changing in hardness even in applying further straining. Tensile and bending tests show that brittle fracture occurs in Cr but in Nb, the strength significantly increases with some ductility after HPT processing.
Introduction
Ultrafine/nano-grained materials have advantages with higher strength and better ductility over their coarse-grained ones. In recent years, much effort has been devoted to develop grain refinement methods and investigating their unusual mechanical properties. Several methods using severe plastic deformation (SPD) have been developed for last 2 decades and typical examples are equal-channel angular pressing (ECAP), high-pressure torsion (HPT) and accumulative roll bonding (ARB). 1, 2) The fundamental concept of HPT was introduced by Bridgman, where intense shear strain was imparted under high applied pressure. 3) In the HPT processing, a thin disk is subjected to compression and torsion to produce much larger strain than other SPD methods like ECAP and ARB. It has been demonstrated that HPT is effective to refine the grain size not only of conventional metallic materials but also of hard and brittle materials. 4) HPT has two advantages over other SPD processes: first, it tends to produce both smaller grain sizes and higher fractions of high-angle grain boundaries and second, it is applicable to hard and brittle materials because application of high pressure prevents cracks from initiation and propagation during processing. It is then anticipated that it can be applicable to hard materials such as refractory metals as investigated in this study. 57) HPT has been applied to many face-centered cubic (fcc) metals and alloys 8, 9) and also, applied to some hexagonalclosed packed (hcp) metals and alloys.
1013) Application of SPD processing to body-centered cubic (bcc) metals and alloys is rather few, 5, 1418) especially to the metals in Group Va and VIa which have high melting points. It is well known that they are all hard-to-deform metals with higher yield strengths. Although a few reports are available for SPD processing on Cr and Nb, 17, 1921) they focused on their thermal properties for example, ductile to brittle transition temperature and annealing behavior after SPD processing. This study aims to investigate evolution of microstructures mechanical properties and microstructure on two bcc metals, Cr and Nb after HPT processing.
Experimental Materials and Procedures
High purity Cr (99.9%, sintered from powders) and Nb (99.9%, rolled after casting) were received in the form of 10 © 10 © 1 mm 3 chips and these chips were ground mechanically to a thickness of 0.85 mm. The average grain size was determined using the linear intercept method and they were of 70 µm and 150 µm for Cr and Nb, respectively. These disks were cut with diameter of 10 mm by a wirecutting electric discharge machine (EDM). The disks were subjected to HPT under a selected pressure of 2 and 6 GPa for 1/4, 2, 3, 4, or 5 revolutions with a rotation speed of 1 rpm at room temperature. The alignment around the rotation axis of the upper and lower axes was adjusted to well within «0.01 mm for HPT process. Slippage between the disk and the anvils was measured after 1/4 revolutions using the procedure described earlier. 18) Vickers microhardness was measured along the 12 radial directions at every 0.5 mm from the disk center to the edge on mechanically polished surface. Averages were taken from twelve measurements at the same distances from the disk center. The disks processed for 4 and 5 revolutions in Cr and 5 revolutions in Nb at each pressure were cut to two halves and polished the cross sectional plane to a mirror-like surface. The hardness measurements were conducted across the thickness on the cross sectional plane at every 0.1 mm from one surface to the other. Each hardness measurement was conducted by using a load of 200 g for a duration time of 15 s.
After processing by HPT, the disks were mechanically polished to a thickness of ³0.50 mm and tensile specimens were cut from the polished disks using the EDM at the 2 mm off-center position as illustrated in Fig. 1(a) with the dimensions of 1.5 mm gauge lengths and 0.7 mm widths. The tensile specimens were pulled to failure at a room temperature using a testing machine operating at a constant rate of cross-head displacement with the initial strain rate of 3.0 © 10 ¹3 s ¹1 . In this study, bending tests were adopted to evaluate the ductility with inclusion of a compression mode. Bending specimens with dimensions of 0.5 © 0.5 © 9 mm 3 rod were cut from the HPT-processed at the position 2 mm from the disk center as illustrated in Fig. 1(b) . Three-point bending tests were conducted at room temperature with a cross-head speed of 0.5 mm/s using 8 mm supporting span. Loading was undertaken toward the direction parallel to the pressing direction of the HPT samples. The bending stress · was measured using the following EulerBernoulli beam theory:
where F is the bending load, l is the supporting span (8 mm), w and h are the width and length of the bending specimen (0.5 mm and 0.5 mm), respectively. With bending test, it is possible to apply compression component to sample, then deformation behavior when compression and tension are applied in the same time.
The fracture surfaces after the bending tests were observed using a Hitachi S-4300SE and JEOL JSM-5600 scanning electron microscope (SEM) operating at 20 kV.
Disks with 3 mm diameter were punched out of HPTprocessed disks at 3.5 mm from the disk center as illustrated in Figs. 1(a) and 1(b). The TEM samples represent the microstructures at midpoint of thickness.
They were ground to a thickness of 0.15 mm and then thinned using a twin-jet electro-polishing facility in a solution of 5 vol% HClO 4 and 95 vol% CH 3 COOH at room temperature with an application of 10 V for Cr, and a solution of 4 vol% H 2 SO 4 and 96 vol% CH 3 OH at 263 K with an application of 20 V for Nb. The microstructures were observed using a Hitachi H-8100 transmission electron microscope (TEM) operating at 200 kV. Selected area electron diffraction (SAED) patterns were taken from regions having diameters of 6.3 µm.
Results and Discussions

Hardness measurement
The average values of Vickers microhardness are plotted in Fig. 2 as a function of the distance from the disk center after HPT processing for N = 2, 3, 4 and 5 revolutions under the pressures of 2 and 6 GPa. For both Cr and Nb, Vickers microhardness increases with the distance from the disk center for all numbers of revolutions under both pressures but the hardness saturates to constant levels. In both cases, there is no changing in hardness after reaching the saturation level. However, there is a clear difference between the results of Cr and Nb. First, the hardness level at the saturation is much higher in Cr than in Nb whereas the difference is minor at the as-received condition: Cr = 90 Hv and Nb = 75 Hv. Second, in the case of Nb, the strain to reach the saturation is smaller than the case of Cr in spite of the same HPT processing condition. These results are similar to Mo and V reported earlier.
5) The reason for this should be due to the difference in shear modulus. Earlier study showed that when hardness is plotted against equivalent strain divided by shear modulus, a universal plot is attained. 23) Thus under a given pressure, the sample with larger shear modulus requires more strain to reach a steady state than the sample with smaller shear modulus.
All Vickers microhardness values in Fig. 2 are plotted as a function of the equivalent strain in Fig. 3 . Here, the following equation is used for the calculation of the equivalent strain.
18)
¾ ¼ ð1 À sÞ
where r is the distance from the disk center, N is the number of revolutions, s is the fraction of slippage and t(N) is the disk thickness as a function of N during HPT processing. The value of s was measured at each pressure for both metals using a procedure as described earlier 18) and was found to be in the rage of 0.1 to 0.2. The form of t(N) was determined as a function of N by measuring the thicknesses after several different revolutions as earlier. 9) It is apparent that the microhardness data fall on a single curve. Microhardness increases with increasing equivalent strain at an initial stage of straining and saturates to steadystate levels at high strains where the hardness remains unchanged with further straining.
To check homogeneity of the HPT-processed disks, hardness measurement was conducted across the thickness on the cross sectional plane cut along the diameter of each disk. Figure 4 plots hardness against the distance from the disk surface at the disk center and at the distances of 2 and 4 mm located from the disk center. Microhardness is almost constant across the thickness, although the hardness levels become higher with increasing distance from the disk center in consistence with hardness variations shown in Figs. 2 and 3. These results demonstrate that the samples after HPT processing are homogeneously deformed throughout the thickness at any location from the center.
Transmission electron microscopy
TEM micrographs are summarized in Figs. 5 and 6 including SAED patterns for Cr and Nb after HPT processing, respectively: in each figure, bright-field images on the left and dark-field images on the right. The dark field images were taken with the diffracted beams indicated by arrows in the SAED patterns. The microstructures obtained under 2 GPa are shown in (a) and (b) for 2 and 5 revolutions, respectively, in each of Cr and Nb, and those under 6 GPa are in (c) and (d) for 2 and 4 revolutions, respectively, in Cr and 2 and 5 revolutions, respectively, in Nb. The microstructures were taken from the regions corresponding to the steadystate, which are at 3 mm away from the disk center. The grain size distributions are shown in Figs. 7 and 8 at each HPT conditions in both Cr and Nb, respectively, where (a), (b) is for 2 GPa and (c), (d) for 6 GPa. The average grain sizes and standard deviations are summarized in Table 1 . The grain size was obtained from the dark-field images as in Figs. 5 and 6 where the two orthogonal axes of the bright areas were measured for a total of more than 100 grains. With these results, it is found that the average grain size becomes slightly smaller with increasing pressure and increasing number of revolutions. Inspection of the SAED patterns shows also that the misorientation angle of the grain boundary increases with shear straining because the patterns tend to form a net type under 2 GPa for 2 revolutions in both metals as shown in Figs. 5(a) and 6(a) . Thus, the micro- 
Tensile and bending tests
Stressstrain curves after tensile tests are delineated in Figs. 9(a) and 9(b) for both Cr and Nb, respectively. For Cr, all tensile specimens were failed during loading except the as-received specimen. For Nb, the tensile strength significantly increased to ³1000 MPa with some ductility. The results after bending tests are shown in Figs. 10(a) and 10(b) to delineate nominal stress-displacement curves for Cr and Nb, respectively. Both tensile tests and bending tests are well consistent, where no ductility is present in the HPT-processed Cr but the ductility is appreciable in the HPT-processed Nb. It should be noted that the initial slopes of the stressstrain curves are much smaller than those estimated from the elastic modulus of each metal because of the elastic contribution from the machines. Thus, the ductility was evaluated in this study by subtracting the amount corresponding to the initial slopes of the stressstrain curves. It is concluded that HPT process created excellent bending stresses with good ductility in Nb. Little ductility in Cr can be due to the effect of invisible cracks generated during the HPT process despite application of high pressure. 
Fractography
Fractographs after tensile testing are displayed in Figs. 11 and 12 for Cr and Nb, respectively, where (a) represents the as-received sample and (b) and (c) correspond to HPTprocessed samples under the pressures of 2 and 6 GPa for the largest number of revolutions. Figure 11 shows a brittle type of fracture in both as-received and HPT-processed specimens. The fracture surfaces of the as-received specimen are rough in the low magnification view but many smooth areas are visible in the high magnification view. For the HPT-processed specimens, the surfaces are smooth with sharp edges on the cross sections in the low magnification view but roughness finely appears on the fractured surfaces as found in the high magnification view. This fine roughness is then considered to be attributed to the fine-grained structure obtained by HPT. By contrast, Fig. 12 shows that the fracture surfaces of Nb are different from those of Cr. All specimens including the asreceived specimen exhibit clear reduction in the cross sections as found in the low magnification view. Fine dimples are visible in the high magnification view of the HPT-processed specimens. From the fractography shown in Figs. 11 and 12 , it is concluded that the grain refinement does not alter the fracture mode in Cr and Nb although the fractured surfaces reflect the fine grained structures produced by HPT.
Summary and Conclusions
(1) Vickers microhardness data fall on a singe curve when plotted as a function of equivalent strain for both Cr and Nb after HPT.
(2) The hardness increases with increasing in the equivalent strain at an early stage of straining and reaches into a steady-state where the microhardness remains unchanged even further straining. (4) The tensile test and bending test show that the strength significantly increases with ductility reserved in Nb. Specially, in bending test, Nb shows an excellent ductility with very high strength when compared to as-received Nb. 
